Resistance to enfuvirtide (ENF; T-20), a fusion inhibitor of human immunodeficiency virus type 1 (HIV-1
Emergence of drug-resistant variants of human immunodeficiency virus type 1 (HIV-1) limits the long-term success of antiretroviral therapy. Resistance to each of the agents currently available for treatment of HIV-1 infection has been described, and long-term exposure to partially suppressive regimens results in the eventual selection of multidrug-resistant HIV-1. Considerable effort therefore has been devoted to developing new classes of anti-HIV drugs directed against novel therapeutic targets.
Enfuvirtide (ENF; T-20; Trimeris, Inc., Durham, N.C.) is a synthetic 36-amino-acid oligopeptide fusion inhibitor belonging to the broader group of antiretroviral agents known as entry inhibitors. This drug, now approved for clinical use, exhibits potent and selective inhibition of HIV-1 in vitro and in vivo (7, 11, 22) . After binding of virus particles to the CD4 ϩ receptor on T lymphocytes and monocytes, molecular rearrangements in the transmembrane subunit of the HIV-1 envelope glycoprotein (gp41) result in fusion of the virus and cell membranes (2) . These rearrangements involve the antiparallel association of two helically coiled heptad repeats (HR-1 and HR-2) located in the ectodomain of the trimeric gp41 complex (also referred to as a six-helix bundle) in the gp41 ectodomain. ENF is derived from HR-2 and corresponds to amino acids 127 to 162 of gp41 (21) . Binding of ENF to the trimeric HR-1 complex prevents the association of HR-1 with HR-2, thereby inhibiting fusion and blocking virus entry.
Serial in vitro passage of HIV-1 in the presence of ENF selects for resistant viruses that carry mutations in HR-1 (17) . These mutations map to a contiguous 3-amino-acid sequence at residues 36 to 38 of the gp41 ectodomain (GIV in Hxb2 and DIV in NL4-3). The I37T, V38 M, and D (or G) 36S/V38 M mutations reduce the affinity of HR-1 for ENF and confer resistance to ENF at concentrations as high as 10 g/ml (17) . Additional HR-1 mutations at positions 36 to 45 of gp41 have been identified in resistant isolates recovered from patients receiving ENF in phase II clinical trials. A V38A mutation has been found most often and confers approximately 20-fold resistance to ENF. The N42T and N42D mutations confer twoand fourfold resistance, respectively, whereas N43S and N43K mutations confer five-and sixfold resistance, respectively. Combinations of these mutations confer substantially higher levels of resistance, ranging from 32-fold for the N42T/N43K mutant to 149-fold for the V38A/N42T mutant (P. Sista, T. Melby, M. L. Greenburg, D. Davison, L. Jin, S. Mosier, M. Mink, E. Nelson, L. Fang, N. Cammack, M. Salgo, and T. J. Matthews, abstr. 21, Antivir. Ther. 7:S23, 2002). The significance of mutations at codons 36 and 38 in conferring resistance to ENF was confirmed by a detailed analysis of molecularly cloned env sequences from plasma samples of ENF-treated patients (20) .
Accumulation of drug resistance mutations in HIV-1 protease and reverse transcriptase significantly impairs viral fitness (12, 13) . Reduced viral fitness contributes to the continued benefit of antiretroviral therapy despite the presence of highlevel drug resistance (3). However, not all resistance mutations necessarily reduce viral fitness in the absence of drug. For example, certain mutations selected during protease inhibitor therapy improve viral replication, leading to a mutant that is fitter than the initial wild-type (WT) isolate (15) . We used a recombinant marker virus system developed in our laboratory (12) to perform growth competition assays in order to study the effects of ENF resistance mutations on viral fitness.
(These data were presented, in part, at the following meetings: [i] Baseline and post-ENF treatment isolates of HIV-1 were obtained from subjects enrolled in a phase II study of ENF (T20-205) (10) . Human subject aspects of this study were conducted in accordance with relevant federal guidelines. The study was approved by the appropriate institutional review board at the sites where subjects were enrolled, and all subjects provided signed informed consent. Infectious stocks of HIV-1 were prepared by transfection of MT-2 or CEM cells with the infectious molecular clone pNL4-3 or its derivatives. Recombinant HIV-1 isolates carrying ENF resistance mutations in HR-1 were constructed by site-directed mutagenesis as described below. Table 1 shows the HR-1 substitutions and associated 50% inhibitory concentrations (IC 50 ) for ENF for these recombinants.
Site-directed mutagenesis and ENF susceptibility. To introduce ENF resistance mutations selected in vitro (17) into the env gene of HIV-1 NL4-3 , a 3.2-kb fragment encompassing the entire coding sequence of HIV-1 env was amplified from the proviral clone pNL4-3 (provided by Malcolm Martin through the AIDS Research and Reference Reagent Program) and cloned into vector pCR2.1 (Stratagene, La Jolla, Calif.) to generate plasmid pTA-env. Mutations at gp41 codons 37 (I3T) and 38 (V3M) and the double mutation D36S/V38 M were introduced into the pTA-env using the QuikChange site-directed mutagenesis kit (Stratagene). The presence of mutant sequences was confirmed by DNA sequencing of the final plasmid clone on an ABI 377 automated sequencer (PerkinElmer, Foster City, Calif.). ENF susceptibility of the resultant recombinants was tested by a standardized assay modified for use with MT-2 cells (6) .
To generate recombinant viruses carrying ENF resistance mutations selected in vivo, mutations were introduced into a plasmid carrying the 3Ј half of the HIV-1 NL4-3 sequence using synthetic oligonucleotide primers and the QuikChange site-directed mutagenesis kit (Stratagene). Sequences of the primers used for each reaction are available from the authors upon request. Replication-competent viruses were generated using a pNL4-3-derived system as described previously (17) . The presence of the desired mutations was confirmed by sequencing with a Beckman CEQ L DNA analysis system. High-titer stocks of WT and mutant HIV-1 NL4-3 were generated by transfection of pNL4-3 and its derivatives into CEM-x174 cells followed by passage of cell-free viral supernatants in CEM4 cells. Susceptibilities of the resulting recombinant viruses to ENF shown in Table  1 were determined by a MAGI cell assay as described previously (8) .
Construction of recombinant marker vectors. A 2,565-nucleotide segment of the env coding sequence (corresponding to nucleotides 6221 to 8786 in the HIV-1 NL4-3 sequence [http://hiv-web.lanl.gov]) was deleted from plasmid pTA-env, and a unique BstEII restriction enzyme site was introduced at the deletion junction by PCR-based site-directed mutagenesis using the ExSite kit (Stratagene). The env gene carrying this deletion was then cloned into pNL4-3 to yield pHIV⌬envBstEII. A segment of the Salmonella enterica serovar Typhimurium histidinol dehydrogenase (hisD) gene or the human placental heat-stable alkaline phosphatase (PLAP) gene was then introduced into nef to serve as a sequence tag. The hisD gene fragment was amplified with primers 5Ј-GGA CCT CGA GCG ATA TCT GGA-3Ј and 5Ј-TCA GCC TGC TCG AGC AGG TCA GAA-3Ј, and the PLAP fragment was amplified with primers 5Ј-ATC GCT CTC GAG CTC ATC TCC AA-3Ј and 5Ј-AGG CCT CGA GAG ACC TGT GGG ACA A-3Ј. The amplicons were subsequently cloned into an XhoI site in nef of pHIV⌬envBstEII to yield pHIV⌬envBstEIInef-hisD and pHIV⌬envBstEIInef-PLAP, respectively. Plasmid clones carrying the desired inserts were identified by restriction enzyme analysis, and the nucleotide sequences were confirmed by automated DNA sequencing on an ABI 377 automated sequencer (PerkinElmer).
Generation of recombinant marker viruses for growth competition assay. Infectious recombinant viruses were generated by electroporation of 2.5 ϫ 10 6 MT-2 cells with 10 g of marker vector DNA (pHIV⌬envBstEII⌬nef-hisD or pHIV⌬envBstEIInef-PLAP) together with 1 to 10 g of the env coding fragment of interest. Following electroporation, cells were suspended in 10 ml of R-10 medium in 25-cm 2 tissue culture flasks and incubated at 37°C. Cell-free supernatants were harvested when peak cytopathic effect was observed and stored in 1-ml aliquots at Ϫ70°C. The env coding sequence was amplified from proviral DNA of HIV-1-infected cells at the end of virus culture and analyzed by automated DNA sequencing to verify presence of the correct HR-1 sequence and to ensure the absence of adventitious mutations.
Determination of viral replication kinetics. To determine the growth kinetics of recombinant viruses, 10 3 tissue culture infectious doses were used to inoculate 10 ϫ 10 6 MT-2 cells suspended in 1 ml of R-10 medium (multiplicity of infection, 0.0001). After incubation at 37°C for 2 h, cells were washed, resuspended in 10 ml of R-10 medium in 25-cm 2 tissue culture flasks, and reincubated. Cultures were fed by medium exchange every 3 to 4 days, fresh cells were added every 7 days, and cell-free supernatant was tested for p24 antigen (Coulter Diagnostics, Hialeah, Fla.). Replication rates were determined by plotting the increase in p24 antigen over time.
Growth competition assay. Recombinant marker viruses being tested were mixed together at a 50:50 ratio unless otherwise noted, and the mixed viral sample used to infect 2 ϫ 10 6 MT-2 cells suspended in 200 l of R-10 medium at a multiplicity of infection of 0.001 infectious units/cell in the absence or presence of ENF (Trimeris, Inc., Research Triangle Park, N.C.) at 5 g/ml. After incubation at 37°C for 2 h, cells were washed twice with phosphate-buffered saline, resuspended in 5 ml of R-10 medium at a concentration of 0.4 ϫ 10 6 cells/ml in 25-cm 2 tissue culture flasks, and reincubated (day 0). Supernatants were harvested on days 1, 4, 7, 10, and 14. Starting from day 4, cultures were passaged by inoculating 200 l of culture supernatant onto 10 ϫ 10 6 fresh MT-2 cells. After incubation at 37°C for 2 h, cells were washed twice with phosphatebuffered saline, resuspended in 10 ml of R-10 medium, and reincubated at 37°C. Growth competition assays on PMBC were performed in a similar manner, except that 5 ϫ 10 6 PBMC were used in place of MT-2 cells and R-20 medium was used in place of R-10 medium.
Viral RNA was extracted from culture supernatants on days 1, 4, 7, 10, and 14 using the Qiagen RNA kit and treated with RNase-free DNase (Qiagen, Valencia, Calif.). The proportion of hisD-or PLAP-tagged virus in the population was determined by real-time PCR. Briefly, amplification reactions were performed in MicroAmp optical tubes (Perkin-Elmer) in a 25-l reaction mixture containing 
RESULTS
Replication kinetics of recombinant viruses carrying ENF resistance mutations. The first report of ENF resistance described the emergence of V38M, I37T, and D36S/V38M mutations in the HR-1 domain of HIV-1 NL4-3 passaged in the presence of ENF in vitro (17) . Therefore, initial experiments focused on determining the growth kinetics of these mutants. Table 1 shows the ENF susceptibilities and doubling times of WT and mutant HIV-1 NL4-3 . The data suggested a trend towards increasing doubling time with increasing ENF resistance. Similar experiments were performed with HIV-1 recombinants carrying ENF resistance mutations identified in clinical isolates from seven ENF-treated patients (Table 1) . (For these experiments we used as WT a variant of HIV-1 NL4-3 in which the aspartate at gp41 position 36 was replaced by glycine, which is more common in subtype B viruses [Los Alamos HIV sequence database; www.hiv.lanl.gov].) Linear regression analysis showed that doubling time and the log-transformed ENF IC 50 were highly correlated (R 2 ϭ 0.859; P Ͻ 0.001) (Fig. 1) . Replication kinetics of recombinant viruses carrying hisD or PLAP sequence tags. Recombinant viruses carrying the WT HIV-1 NL4-3 env gene linked to PLAP or hisD (WT-PLAP and WT-hisD) were generated by cotransfecting the PCR-amplified env coding region of pNL4-3 into MT-2 cells together with marker vectors pHIV⌬envBstEIInef-PLAP and pHIV⌬envB-stEIInef-hisD, respectively. Recombinant viruses carrying hisD or PLAP exhibited similar growth kinetics, with doubling times of 1.78 and 1.81 days, respectively. This minor difference in doubling time translated into a slight growth advantage of recombinants carrying the hisD sequence tag compared to those carrying the PLAP tag. In order to control for this minor fitness difference conferred by the sequence tag, reciprocal experiments were performed for all growth competition assays so that each env gene was tested at least twice-once linked to hisD and once linked to PLAP.
Relative replicative fitness of HIV-1 recombinants carrying ENF resistance mutations selected in vitro. The replicative fitness of recombinant viruses carrying ENF resistance mutations selected in vitro was tested in a series of pairwise growth competition assays. The mutant viruses were each less fit than WT in the absence of ENF, whether carrying the PLAP or hisD sequence tag (Fig. 2) . Growth competition assays also showed that the V38M mutant virus replicated less efficiently than the I37T mutant virus, and the double mutant D36S/V38M was less fit than the V38M single mutant (Fig. 3) . From these results the order of relative fitness was deduced to be WT Ͼ I37T Ͼ V38M Ͼ D36S/V38M.
Growth competition assays performed in the presence of ENF (5 g/ml) favored growth of the drug-resistant variants. For all three mutants (I37T, V38M, and D36S/V38M) the proportion of mutant virus relative to WT increased over time (Fig. 4) . Likewise, in the presence of ENF the V38M variant was selected rapidly in mixed culture with I37T but was overgrown by the double mutant D36S/V38M. These results showed that the order of relative fitness was reversed in the presence of ENF and correlated with the relative degree of ENF resistance.
Relative replicative fitness of HIV-1 recombinants carrying ENF resistance mutations selected in vivo. A similar series of experiments was performed to test the replicative fitness of HIV-1 recombinants carrying ENF resistance mutations selected in vivo. These experiments used the D36G variant of HIV-1 NL4-3 as WT for the reasons described above. (Reciprocal growth competition experiments between recombinant viruses carrying D or G at codon 36 showed a small growth advantage for the 36G variant, whether linked to hisD or PLAP [data not shown].) Recombinant viruses carrying the single mutations V38A or N42T were each less fit than WT HIV-1 NL4-3 when tested in the absence of ENF (Fig. 5) . Likewise, the double mutants V38A/N42D, V38A/N42T, N42T/N43K, N42T/N43S, and 38E/42S were each less fit than WT (Fig. 5) . Similar results were obtained whether the mutant env gene was linked to the hisD or PLAP sequence tag (data not shown).
To determine the relative order of fitness, pairwise growth competition assays were performed with each of the mutant viruses. Figure 6 shows the results of these experiments. The N42T mutant was more fit than V38A, which in turn was fitter than the V38A/N42T double mutant. The V38A mutant also was more fit than the N42T/N43K double mutant, which had comparable fitness to the N42T/N43S mutant. The N42T/N43S double mutant was slightly fitter than the V38A/N42T mutant, which had comparable fitness to the V38A/N42D mutant; the V38A/N42T mutant was fitter than V38E/N42S. From these data, the relative order of fitness was deduced to be WT Ͼ N42T Ͼ V38A Ͼ N42T/N43K Ϸ N42T/N43S Ͼ V38A/N42D Ϸ V38A/N42T Ͼ V38E/N42S. This order was inversely correlated with resistance to ENF compared to that of WT HIV-1 NL4-3 (r ϭ Ϫ0.988; P Ͻ 0.001). When tested in the presence of ENF, resistant viruses were more fit than WT, as expected (data not shown).
To verify that ENF resistance mutations produced the same effects on viral fitness when tested in the context of env genes derived from patient isolates, growth competition assays were performed on PBMC using full-length env sequences cloned from paired baseline and posttreatment isolates obtained from three subjects participating in the T20-205 trial. To ensure that env clones used for these experiments were representative of the predominant sequence in the virus population, several clones were isolated from each isolate. Clones with sequences that matched most closely the env sequences determined by bulk sequencing of the isolate were used to construct recombinant viruses for use in growth competition assays. Results of these experiments were consistent with those obtained with the site-directed mutants using HIV-1 NL4-3 env (Fig. 7) . Similar results were obtained when these same recombinant viruses were tested on MT-2 cells (data not shown). resistance mutations nevertheless may impair key viral functions, such as the activity of protease or the processivity of reverse transcriptase, resulting in virus with diminished replication capacity (3, 15, 18, 19) . This reduction in viral replication capacity can have two consequences: (i) plasma HIV-1 RNA levels may remain significantly below baseline, despite the emergence of high-level drug resistance, and (ii) residual WT virus (possibly archived in the pool of latently infected resting CD4 ϩ memory cells [4] ) rapidly overgrows the mutant virus when treatment with the selecting drug is interrupted.
DISCUSSION
In this study we showed that recombinant HIV-1 isolates carrying HR-1 mutations associated with ENF resistance in vitro and in vivo had reduced replication rates compared to WT and were less fit than WT when tested in growth competition experiments using a recombinant marker virus assay in MT-2 cells and in PBMC. Consistent results were obtained regardless of which sequence tag was linked to the env gene being tested, providing confidence that observed fitness differences were indeed due to HR-1 mutations and not a function of the sequence tag. Linear regression analysis showed that viral doubling time in vitro was highly correlated with increasing IC 50 for ENF (R 2 ϭ 0.859). Similarly, the relative order of fitness was inversely correlated with the reduction in ENF susceptibility (r ϭ Ϫ0.988) and was reversed in the presence of drug. Double mutants that included a V38A mutation, which is the most commonly selected mutation in vivo (M. L. Greenberg, T. Melby, P. Sista, R. DeMasi, N. Cammack, M. Salgo, J. Whitcomb, C. Petropoulos, and T. J. Matthews, Abstr. 10th Conf. Retrovir. Opportunistic Infect., abstr. 141, p. 108, 2003), were among the least fit viruses in this study.
Preliminary results from clinical studies have provided additional evidence that ENF-resistant viruses are less fit than WT in the absence of drug. Virus isolates from 15 of 63 patients who received ENF in a dose-ranging study showed evidence of ENF resistance-associated mutations in HR-1 at the end of the 28-day dosing period (T. Melby, P. Sista, E. Nelson, S. Mosier, M. Mink, M. Greenberg, L. Fang, N. Cammack, M. Salgo, T. Matthews, abstr. 70, Antivir. Ther. 7:S58, 2002). Virus that was WT in HR-1 reemerged in all 15 patients during an average follow-up period of 4 months after stopping ENF. These observations provide additional evidence in support of the biological relevance of our in vitro data. Whether the kinetics of resistance reversal will be the same in patients receiving chronic ENF therapy remains to be determined, highlighting the need for further studies in those clinical settings.
In certain cases, compensatory mutations can emerge in the genetic background of drug-resistant viruses that improve replicative capacity without substantially increasing the level of drug resistance. For example, emergence of virus carrying protease mutations 36I, 54V, and 82T in a patient receiving ritonavir resulted in a ritonavir-resistant virus that was significantly less fit than WT (15) . Subsequent emergence of a 71V muta- tion improved viral fitness without a further increase in ritonavir resistance. Similarly, accumulation of mutations at reverse transcriptase codons 62, 77, and 116 compensates for the loss of fitness conferred by the multinucleoside resistance mutation Q151M (9) .
In the case of ENF, mutations in HR-2 or in gp120 could compensate for the fitness loss conferred by HR-1 mutations. Cells expressing envelope glycoproteins from HIV-1 HXBc2 and several primary HIV-1 isolates bind labeled ENF in the presence of soluble CD4 or in the presence of CD4-expressing cells (5) . Isolates that utilize CCR5 exclusively expose the ENF binding domain in the presence of cells that express only CD4 and CXCR4 (5) . Conversely, preincubation of ENF with HIV-1 in the absence of CD4 fails to block subsequent virus entry (14) . These observations suggest that the time window during which HR-1 is available for binding by ENF is opened upon CD4 binding. The precise timing of the closing of this window has not been established, but it may last until engagement of the chemokine coreceptor (16) . HR-1 mutations that reduce affinity for ENF (and HR-2) should increase the length of this time window but slow the kinetics of virus entry, thereby resulting in reduced viral fitness. Conversely, mutations that shorten the time window would accelerate virus entry, possibly leading to an increase in relative fitness.
A number of limitations may apply to our results. The mutants examined in this study arose after relatively brief periods of ENF treatment and were restricted to the HR-1 domain of gp41. Additional resistance and/or compensatory mutations FIG. 4 . Growth competition experiments between WT and ENF-resistant HIV-1 NL4-3 recombinants inoculated at a ratio of 1:1, performed in the presence of ENF (5 g/ml). Recombinant viruses carrying ENF resistance mutations at gp41 I37T (triangles), V38M (squares), and G36S/V38M (diamonds) were competed against recombinants carrying WT gp41 (circles; A, C, and E, respectively) or against each other (B and D). Recombinants carried hisD or PLAP sequence tags. FIG. 6 . Growth competition assays comparing ENF-resistant recombinants of HIV-1 NL4-3 carrying ENF resistance mutations, identified from ENF-resistant clinical isolates, linked to a hisD or PLAP sequence tag. Viruses were inoculated at a ratio of 1:1. Mutant N42T (filled circles) was competed against the V38A/N42T double mutant (upright triangles) (A) and against V38A (filled squares) (B); V38A was tested against V38A/N42T (C) and against N42T/N43K (inverted triangles) (D); N42T/N43K was also tested against N42T/N43S (diamonds) (E); V38A/N42T was tested against V38A/N42D (open circles) (F), 42T/N43S (G), and V38E/N42S (open squares) (H).
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on June 24, 2017 by guest http://jvi.asm.org/ growth competition assays could render results of these experiments difficult to interpret. However, our investigators have documented very low rates of recombination (5% or less) under the experimental conditions used in these assays (12) . This low rate may be due in part to the low multiplicity of infection (0.001) used in our experiments. Because recombination between RNA genomes carrying different sequence tags in nef would tend to minimize the fitness differences between viruses carrying different env genes, the fitness differences observed in this study most likely represent minimum fitness differences.
In conclusion, the presence of ENF resistance mutations in the HR-1 domain of gp41 reduced the fitness of HIV-1 compared to that of WT. The relative fitness loss was correlated with the degree of ENF resistance. Whether the reduced replicative capacity of ENF-resistant viruses will contribute to persistent antiviral activity of ENF in the setting of ENF resistance requires further study in randomized clinical trials.
